Background
==========

The deadliest forms of cancer are breast, colon, and prostate cancers, which result in approximately half of the cancer deaths in both men and women worldwide \[[@b1-medscimonit-23-223]--[@b3-medscimonit-23-223]\]. Distinct treatment strategies, such as surgery, chemotherapy, and radiation therapy, have been widely applied in clinical practice to inhibit tumor growth and prevent the metastasis of tumor cells via blood vessels. While these strategies are effective for cancer treatment, their intrinsic adverse effects cause major problems, such as the inhibition of hematopoietic function and immunity that accompanies chemotherapy \[[@b4-medscimonit-23-223]\]. Therefore, treatment strategies that successfully inhibit tumor growth and angiogenesis with limited adverse effects are highly sought in cancer research.

Tumorigenesis and development are complicated processes, in which numerous molecules and pathways are involved. A number of studies have focused on natural anti-tumor drugs that have shown significant tumor growth inhibition with few adverse effects \[[@b6-medscimonit-23-223],[@b7-medscimonit-23-223]\]. *Euphorbia fisheriana* is a perennial herbaceous plant of the *Euphorbia* genus and has long been used to treat breast, lung, gastric, and other malignant tumors in China and South Korea, as well as other Asian countries \[[@b8-medscimonit-23-223],[@b9-medscimonit-23-223]\]. These studies have found that *E. fischeriana* and other plants from the *Euphorbia* genus were effective in treating pleural effusion and ascites by reducing tissue swelling and exudation, among other inflammatory responses \[[@b10-medscimonit-23-223],[@b11-medscimonit-23-223]\]. In addition, it has been reported that *E. fischeriana* Steud is able to reduce the inflammatory responses of macrophages induced by lipopolysaccharides in mice \[[@b10-medscimonit-23-223],[@b12-medscimonit-23-223],[@b13-medscimonit-23-223]\]. Moreover, *Synadenium umbellatum* Pax (SU) and other plants of the *Euphorbia* genus have also been demonstrated to have anti-angiogenic effects \[[@b14-medscimonit-23-223]\]. Nevertheless, the acting mechanisms of *E. fisheriana* Steud are not clearly understood.

Approximately 60 types of compounds, such as diterpenoids, triterpenoids, flavonoids, and volatile oils, have been identified in *E. fischeriana* roots \[[@b15-medscimonit-23-223]\]. Of these, the diterpenoids include JA, JB, 12-Deoxyphorbol 13-palmitate, and many other monomers \[[@b15-medscimonit-23-223]\]. A number of studies have shown that 12-Deoxyphorbol 13-palmitate, JB, and other monomers significantly inhibit the proliferation of gastric tumor and breast cancer cells \[[@b16-medscimonit-23-223]--[@b18-medscimonit-23-223]\]. 12-Deoxyphorbol 13-palmitate has been proven to inhibit the expression of VEGF and HIF-1α in MCF-7 cells through the Akt signaling pathway, which subsequently reduced the activity of human umbilical vein endothelial cells (HUVECs) \[[@b19-medscimonit-23-223],[@b20-medscimonit-23-223]\]. However, the inhibitory mechanisms of JA and JB on the proliferation and migration of HUVECs in lung cancer are not fully understood.

In light of these results, we hypothesize that JA and JB have potential inhibitory effects on HUVEC proliferation. In the present study, different concentrations of JA and JB were separately used to stimulate A549 cells to obtain A549 conditional media, which was then used to stimulate HUVECs. Our results demonstrate that JA and JB reduced the expression of VEGF in A549 cells through the inhibition of the Akt-STAT3-mTOR signaling pathway, and inhibited HUVEC proliferation and migration. This suggests that JA and JB inhibit tumor angiogenesis.

Material and Methods
====================

JA and JB extraction
--------------------

JA and JB were extracted from dry *E. fischeriana* Steud roots (Qiqihar Medical Science Research Institute, Qiqihar, China) according the methods used in a previous study \[[@b21-medscimonit-23-223]\]. Their determined purity exceeded 99% ([Figure 1](#f1-medscimonit-23-223){ref-type="fig"}). The extracted JA and JB were dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO, USA) and were mixed in a series of concentrations (20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, and 100 μg/ml) for use in the subsequent experiments. The final concentration of DMSO in the culture medium for *in vitro* experiments was \<0.01%.

A549 cell culture and experimental groups
-----------------------------------------

The A549 human lung cancer cells were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). A medium containing RPMI-1640 (Gibco, Grand Island, NY, USA), penicillin (100 U/ml), streptomycin (100 mg/ml) (Shanghai Sangon Biotech. Co., Shanghai, China), and 10% fetal bovine serum (Gibco, Gaithersburg, MD, USA) was used as the basic A549 medium. A549 cells of passages 3 and 5 were used in both the *in vivo* and *in vitro* experiments. The cultures showed no evidence of crisis or senescence during the of the experiments. JA and JB of different concentrations (20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, and 100 μg/ml) were used to stimulate the A549 cells, which were grouped into JA-A549 and JB-A549 groups according to the concentration. Neither JA nor JB were added to the control group.

RPMI-1640, which contained 20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, or 100 μg/ml of JA or JB and 1% FBS, was used to culture the A549 cells (2×10^6^) at 37°C and 5% CO~2~ for 24 h. According to the different concentrations, the supernatants of the JA-A549 and JB-A549 groups were collected by centrifugation at 1000 rpm/min for 5 min. The supernatants were then filtered with a 0.22-μm filter (Corning, NY, USA) and stored at −80°C until use.

HUVEC culture and experimental groups
-------------------------------------

HUVECs were obtained from the Procell Company (Procell Ltd., Wu Han, China) and the basic HUVEC medium consisted of Ham's F12K medium (Gibco, NY, USA), 100 U/ml penicillin, 100 mg/ml streptomycin (Shanghai Sangon Biotech. Co., Shanghai, China), and 10% fetal bovine serum (FBS; Gibco, Gaithersburg, USA). HUVECs between passages 4 and 6 were used for both *in vivo* and *in vitro* experiments. During these experiments, none of the cultures showed evidence of crisis or senescence. The supernatants of varying concentrations from the JA-A549 and JB-A549 groups were diluted with Ham's F12K medium with 1% FBS \[conditioned medium (CM)\] at a 1: 5 ratio. These conditioned media are referred to as JA-A549-CM and JB-A549-CM. The HUVEC experimental grouping was determined by the corresponding concentration of conditioned medium. In addition, JA and JB of different concentrations (20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, and 100 μg/ml) were used to stimulate the HUVECs, which were grouped into JA-HUVEC and JB-HUVEC groups according to the concentration. Normal cultured HUVECs were used as the non-conditioned medium (NCM group), or control group.

Liquid chromatography
---------------------

The supernatants of each group were collected, and the Jolkinolide residues were detected using an e2695 HPLC-2489 UV/Vis Detector (Waters, Milford, MA, USA). The liquid chromatography conditions were set as follow. The SunFire™ C18 chromatographic column parameters were set to 250×4.6 mm and 5 μm (Waters, Milford, MA, USA) and 70% methyl alcohol (Merck KGaA, Darmstadt, Germany) and 30% H~2~O were used in the mobile phase. The temperature of the chromatographic column was set to 35°C, the volume of sample injection was 10 μL, and the detection wavelength was λ=254 nm \[[@b9-medscimonit-23-223]\].

MTT assay
---------

A 3-(4, 5-dimethylthiazol-yl)-2, 5-diphenyltetrazoliumbromide (MTT) assay was used to detect A549 and HUVEC proliferation. Both cell types were cultured in 96-well plates (Corning, USA) at 8×10^4^ cells/well. JA and JB at 20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, and 100 μg/ml concentrations were added into separate A549 cells or HUVECs. In addition, the conditioned medium from each group was added into another 8×10^4^ cells/well with HUVECs. The cells were incubated at 37°C and 5% CO~2~ for 24 h and the MTT assay was performed by adding 5 mg/ml MTT (Sigma, USA) to each well for 4 h at 37°C. The supernatant from each well was then removed, 100 μl dimethyl sulfoxide (DMSO, Sigma) was added, and the samples were shaken for 10 min, whereupon the absorbance value (OD) of each well was measured using an Emax microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 490 nm.

Annexin V-FITC staining experiments
-----------------------------------

The HUVECs were cultured in 24-well plates (Corning, USA) at 3×10^5^ cells/well. According to the HUVEC groupings, the cells from each group were incubated at 37°C and 5% CO~2~ for 24 h and the original medium was discarded, whereupon pre-cooled 0.01 mmol/L phosphate-buffered saline (PBS, Boster Ltd., Wuhan, China) was added. The cells were centrifuged at 1000 rpm/min for 10 min, 3 times each, before being resuspended with 200 μL Binding Buffer (Boster Ltd., Wuhan, China). Next, 20 μg/ml Annexin V-FITC (Biolegend, San Diego, CA, USA) was added, and the cells were incubated in the dark for 30 min at 4°C. The cells that had been labeled with Annexin V-FITC were observed with a BX53 fluorescence microscope (Olympus Optical Co., Ltd, Japan), and the cell apoptosis numbers were calculated using Image-Pro Plus 7.0 image analysis software (Mediacy Cybernetics, Inc. Bethesda, MD, USA).

Cell scratch experiments
------------------------

HUVECs were seeded at 2×10^6^ cells/well in 6-well plates (Corning, USA). A central scratch was created by scraping cells away with the tip of a p1000 pipette (Axygen, Tewksbury, MA, USA) and the HUVECs were then washed 3 times with 0.01 mmol/L PBS. According to the HUVEC groupings, cells were cultured with the appropriate conditioned medium or different concentrations of JA or JB, as well as 2 mmol/L hydroxyurea (Sigma, USA). They were then incubated at 37°C in 5% CO~2~ for 24 h. The cells were fixed with 4% paraformaldehyde (Amquar Ltd., Shanghai, China) for 6 h after being washed again 3 times with 0.01 mmol/L PBS, and the HUVEC scratches were stained with 1% crystal violet (Amquar Ltd., China). The scratches were recorded with a BX53 microscope (Olympus, Japan), and the cell scratch areas at 0 and 24 h were measured using Image-Pro Plus 7.0 software (Media Cybernetics, USA). The closure rate of the cell scratch areas at 24 h was calculated as (cell scratch area at 0 h -- cell scratch area at 24 h/cell scratch area at 0 h) ×100%.

Transwell chamber experiments
-----------------------------

HUVECs were resuspended in Ham's F12K medium with 1% FBS, and were placed in the upper chamber of 25 mm, 8.0 μm transwell cell chambers (Corning, USA) at 1×10^4^ cells/well. The conditioned medium from each group at different concentrations of JA or JB was added to the lower chambers. The cells were incubated at 37°C in 5% CO~2~ for 12 h and the residual cells in the transwell chambers were removed and washed 3 times with 0.01 mmol/L PBS. The cells that migrated to the other side of the membrane were fixed with 4% paraformaldehyde (Amquar China Ltd., China) for 6 h and stained with 1% crystal violet (Amquar China Ltd., China), photos were taken using a BX53 microscope (Olympus, Japan), and the cell migration rate at 12 h was measured using Image-Pro Plus 7.0 software (Media Cybernetics, USA) and was calculated as (migrated cells at 12 h/1×10^4^) ×100% \[[@b22-medscimonit-23-223]\].

Western blot experiments
------------------------

In total, 5×10^6^ A549 cells and HUVECs were each cultured. The conditioned medium of each group at different concentrations of JA and JB was added into the cells, which were then incubated at 37°C in 5% CO~2~ for 24 h, before being lysed and centrifuged at 12 000 rpm at 4°C for 10 min. The protein concentrations were measured with a BCA kit (Beyotime Biotechnology, Shanghai, China). A 25-μg sample of each group was extracted, and SDS-PAGE gel electrophoresis (BIO-RAD Laboratories, Hercules, CA, USA) was performed at 100 V for 90 min. A sample from each group was then transferred to polyvinylidene fluoride membranes (PVDF, Millipore, Billerica, MA, USA) with an aperture of 0.2 μm. Next, mouse anti-human caspase 9 primary antibody (1: 200, Santa Cruz, CA, USA), mouse anti-human Akt primary antibody (1: 700, Santa Cruz, CA, USA), mouse anti-human STAT3 primary antibody (1: 700, Abcam, Cambridge, UK), and mouse anti-human mTOR primary antibody (1: 550, Santa Cruz, USA) were all added. After incubation overnight at 4°C, a horseradish-peroxidase (HRP)-linked secondary antibody and a conjugated goat anti-mouse IgG antibody (1: 200, Abcam, UK) were added, and the membrane was continuously incubated at room temperature for 90 min. The protein expression levels were measured using enhanced chemiluminescence (ECL, GE Healthcare, UK), and the relative absorbance value of each protein band was measured using Image-Pro Plus 7.0 software. β-actin (Abcam, Cambridge, UK) was used as an internal control.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The supernatant from each A549 cell group was collected and a quantitative enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN, USA) was used to analyze the A549 supernatant from each group, according to the manufacturer's instructions. The supernatant of normal cultured A549 cells was used as the negative control.

Animal experiments
------------------

All animal procedures were approved by the Qiqihar Medical University Committee on Animal Experimentation, and complied with the NIH guidelines for the care and use of laboratory animals. We used 4--5-week-old female BALB/c nude mice (Qiqihar Institute of Medical and Pharmaceutical Sciences, Qiqihar, China) in all of the experiments. Approximately 6×10^5^ A549 cells were resuspended with 100 μl of 0.01 mmol/L PBS and were subcutaneously inoculated into the right and left flanks (n=20 in each group), and all mice were fed for 1 month. The mice were then divided into the PBS, JA, and JB groups. Next, 40 mg/kg of JA or JB and 0.01 mmol/L PBS were intraperitoneally administered once every 3 days for 2 months. All mice were fed for an additional 2 months. At the end of the experiment, the tumor tissues of the 3 groups were harvested, fixed with 4% paraformaldehyde, and embedded in paraffin. The processed tumor tissues were then harvested for immunohistochemistry using anti-VEGF primary antibody (1: 300, Santa Cruz, USA), horseradish-peroxidase (HRP)-linked secondary antibody, conjugated IgG antibodies (Santa Cruz, USA), and 0.05% DBA (Santa Cruz, USA). The VEGF expression of the xenograft tumors was assessed for histological quantitative analysis with a BX53 microscope (Olympus, Japan).

Statistical analyses
--------------------

Each experiment was repeated 3 times for each group. SAS (version 9.2, SAS Institute Inc., Cary, NC, USA) was used to perform *t* tests or analysis of variance (ANOVA). The results are expressed as the mean ± standard error of the mean (SEM), and *P*\<0.05 was considered to be statistically significant.

Results
=======

The effects of Jolkinolides on A549 cells
-----------------------------------------

To explore the effects of JA and JB on A549 cells, we used different concentrations of each to stimulate A549 cells. An MTT assay showed that, compared with the OD values of A549 cells stimulated by JA at the same concentrations, the OD values of A549 cells stimulated by JB (20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, and 100 μg/ml) were lower by 17.7%, 46.8%, 37.6%, 33.3%, and 25.8%, respectively ([Figure 2A](#f2-medscimonit-23-223){ref-type="fig"}). In addition, the OD values of A549 cell proliferation significantly decreased with increasing concentration of JB ([Figure 2A](#f2-medscimonit-23-223){ref-type="fig"}). We also observed that the space between the cells gradually increased, cells were dispersed, cell debris appeared, and the overall number of cells gradually decreased ([Figure 2B, 2C](#f2-medscimonit-23-223){ref-type="fig"}). With increasing JA and JB concentrations, an increased expression of caspase 9 was also detected in A549 cells, and the expression of caspase 9 in the JB-A549 groups showed a significant increase (*P*\<0.01) ([Figure 2D--2F](#f2-medscimonit-23-223){ref-type="fig"}). These results suggest that JB exhibited more significant inhibitory effects on A549 cells than did JA.

JA and JB reduced the expression of Akt-STAT3-mTOR proteins in A549 cells
-------------------------------------------------------------------------

To determine the effects of the 2 forms of Jolkinolide on A549 cell protein expression, we analyzed the vasoactive components in the conditioned medium for each group and found that, in the JB-A549-CM groups, the VEGF content was only 68.03%, 60.80%, 52.21%, 52.01%, and 40.43% that of the concentrations for each corresponding JA-A549-CM group ([Figure 3A](#f3-medscimonit-23-223){ref-type="fig"}). We concluded that the lower levels of the VEGF protein in the supernatants of tumor cells might be due to the inhibition of the relevant cell signaling pathways. We also found that, with increasing concentrations of both Jolkinolide A and B, the expression levels of Akt, STAT3, and mTOR proteins in A549 cells gradually decreased ([Figure 3B--3E](#f3-medscimonit-23-223){ref-type="fig"}).

The effects of conditioned media on HUVEC proliferation and apoptosis
---------------------------------------------------------------------

To determine the effects of JA and JB on HUVEC proliferation and apoptosis, we performed liquid chromatography and found that there was no residual JA or JB in the supernatants of A549 cells ([Figure 4A](#f4-medscimonit-23-223){ref-type="fig"}). Moreover, the HUVECs were cultured together with the conditioned medium from A549 cells that had been stimulated by either JA or JB. The MTT assay demonstrated that, compared with the JA-A549-CM groups, the OD values of HUVEC proliferation in the JB-A549-CM groups were 41.70%, 33.72%, 26.79%, 19.62%, and 15.57% lower, respectively ([Figure 4B](#f4-medscimonit-23-223){ref-type="fig"}). The Annexin V-FITC experiment found that, compared with the JA-A549-CM groups, the number of HUVECs labeled with Annexin V-FITC in the JB-A549-CM groups increased by 1.03, 1.46, 1.58, 2.12, and 2.45 times ([Figure 4C--4E](#f4-medscimonit-23-223){ref-type="fig"}), respectively. Throughout the experiment, we found that the supernatants of the A549 cells stimulated by JA or JB were able to inhibit the proliferation of HUVECs, suggesting that both JA and JB play important roles in inhibiting HUVEC activity.

The effects of conditioned media on HUVEC migration
---------------------------------------------------

For the determination of the effects of the Jolkinolides-stimulated A549 conditioned media on the movement of HUVECs, we performed an HUVEC scratch experiment. Compared with the JA-A549-CM groups, the HUVEC scratch closure rates in the JB-A549-CM groups were 34.06%, 39.95%, 48.57%, 59.43%, and 68.94% lower, respectively ([Figure 5A--5C](#f5-medscimonit-23-223){ref-type="fig"}). Next, we performed a HUVEC migration experiment in a transwell chamber and found that, compared with the JA-A549-CM groups, the HUVEC migration rates in the JB-A549-CM groups decreased by 27.55%, 34.12%, 43.97%, 53.08%, and 67.12%, respectively ([Figure 5D--5F](#f5-medscimonit-23-223){ref-type="fig"}). These results suggest that the Jolkinolides-stimulated A549 cell supernatants encouraged the inhibition of HUVEC migration. Nevertheless, whether Jolkinolides have a direct inhibitory effect on the activity of HUVEC remains a subject for future research.

The effects of JA and JB on HUVEC proliferation and apoptosis
-------------------------------------------------------------

We used the above-mentioned different concentrations of JA or JB to stimulate HUVECs. Compared with the JA-HUVEC groups, the OD values of HUVEC proliferation in JB-HUVEC groups were 30.45%, 34.51%, 23.84%, 51.36%, and 49.23% lower, respectively ([Figure 6A](#f6-medscimonit-23-223){ref-type="fig"}). We also found that the number of HUVECs labeled with Annexin V-FITC in the JB-HUVEC groups were 1.84, 2.38, 2.49, 2.74, and 3.22 times higher than those in the JA-HUVEC groups, respectively ([Figure 6B--6D](#f6-medscimonit-23-223){ref-type="fig"}). These results suggested that JA and JB are both capable of significantly inhibiting HUVEC proliferation, as well as promoting HUVEC apoptosis.

The effects of JA or JB on HUVEC migration
------------------------------------------

To determine the effects of JA and JB on HUVEC movement, we performed an HUVEC scratch experiment. The closure rates of JB-HUVEC groups were 38.9%, 21.99%, 10.54%, 12.17%, and 1.21 times lower, respectively, than in the JA-HUVEC groups ([Figure 7A, 7B](#f7-medscimonit-23-223){ref-type="fig"}). Next, we performed a HUVEC migration experiment in a transwell chamber and found that, compared with the JA-HUVEC groups, the HUVEC migration rates of the JB-HUVEC groups were lower by 6.52%, 10.39%, 15.86%, 30.13%, and 16.55%, respectively ([Figure 7C, 7D](#f7-medscimonit-23-223){ref-type="fig"}). These results indicate that both JA and JB can directly inhibit the migratory activity of HUVECs.

Jolkinolides-induced reduction of Akt-STAT3-mTOR protein expression in HUVECs
-----------------------------------------------------------------------------

The protein expressions of each JA-HUVEC and JB-HUVEC group were analyzed. Western blot experiments showed that the Akt protein content in HUVECs stimulated with JB (40 μg/ml, 60 μg/ml, and 80 μg/ml) decreased by 21.4%, 11.1%, and 15.9%, respectively, compared with the Akt protein content of HUVECs stimulated with JA for the same concentrations ([Figure 8A, 8B](#f8-medscimonit-23-223){ref-type="fig"}). The STAT3 protein content in the JB-HUVEC groups was only 79.3%, 69.3%, and 54.7% of the corresponding concentrations in the JA-HUVEC groups ([Figure 8A, 8C](#f8-medscimonit-23-223){ref-type="fig"}). Additionally, the mTOR protein content in the JB-HUVEC groups was only 25.7%, 11.6%, and 34.1% of the corresponding concentrations in JA-HUVEC groups, respectively ([Figure 8A, 8D](#f8-medscimonit-23-223){ref-type="fig"}). These results indicate that, with increasing concentrations of JA or JB, the expressions of Akt, STAT3, and mTOR proteins in HUVECs gradually decreased, which may be due to the direct inhibition of the relevant signaling pathways.

Jolkinolides reduced the expression of the VEGF protein in A549 cell xenograft tumors
-------------------------------------------------------------------------------------

We inoculated A549 cells into nude mice to create xenograft tumor models. Immunohistochemical staining of the VEGF protein was performed, demonstrating that, with increasing concentrations of JB, the expression of VEGF gradually decreased on the 30^th^, 45^th^, and 60^th^ day after the administration ([Figure 9](#f9-medscimonit-23-223){ref-type="fig"}). This suggests that JB is capable of directly reducing VEGF protein expression in xenografted tumor tissue.

Discussion
==========

Lung, breast, and other malignant cancers are increasingly important threats to human health \[[@b1-medscimonit-23-223]--[@b3-medscimonit-23-223]\]. In recent years, the number of deaths due to breast and lung cancers has been on a steady increase, a problem that has serious ramifications on social and economic development \[[@b1-medscimonit-23-223]--[@b3-medscimonit-23-223]\]. Therefore, the effective inhibition of the growth and metastasis of tumors is critically important for improving the prognosis and quality of life of cancer patients.

It has been reported that, for tumors greater than 2 mm in diameter, the tumor tissues need significantly greater levels of oxygen and nutrition supplied by the local blood vessels \[[@b23-medscimonit-23-223],[@b24-medscimonit-23-223]\]. As a result, a degradation or atrophy of tumor tissues occurs if the capillaries and small vessels in tumor tissues are inadequate. Peripheral blood vessels in tumor tissues provide a suitable environment for the proliferation and detachment of tumor cells, which explains why tumor vessels are closely associated with tumor growth and metastasis \[[@b23-medscimonit-23-223],[@b25-medscimonit-23-223]\]. Currently, surgical excision, chemotherapy, radiotherapy, and immunotherapy are still the most effective approaches for the treatment of many cancers. However, chemotherapy and radiotherapy usually lead to serious adverse effects, such as impairment of the hematopoietic and immune systems \[[@b26-medscimonit-23-223]\]. With the rapid development of traditional Chinese medicine with modern medical technologies in the last several decades, numerous studies have found that *E. fischeriana* Steud \[[@b27-medscimonit-23-223],[@b28-medscimonit-23-223]\], norcantharidin \[[@b29-medscimonit-23-223]\], lycorine \[[@b30-medscimonit-23-223]\], curcumin \[[@b31-medscimonit-23-223]\], and other plant products have significant anti-tumor activities, including the inhibition of tumor cell growth and metastasis. In addition, most traditional Chinese medicines have significantly fewer adverse effects than chemotherapy, but with comparable therapeutic effects \[[@b32-medscimonit-23-223]\]. Identification of natural plant ingredients with growth inhibition and anti-angiogenic properties is of great significance for the treatment of cancer.

*E. fischeriana* Steud, *Euphorbia ebracteolata* Hayata, and over 2000 other species of the *Euphorbia* genus are found in Europe, Asia, and other continents \[[@b33-medscimonit-23-223],[@b34-medscimonit-23-223]\]. A number of studies have reported on the broad-spectrum anti-tumor activity of *E. fisheriana* \[[@b35-medscimonit-23-223]\], which has also been shown to exhibit anti-HIV and anti-epileptic activities \[[@b36-medscimonit-23-223]\] and has been used for the treatment of edema, ascites, and pleural effusion \[[@b10-medscimonit-23-223],[@b11-medscimonit-23-223],[@b37-medscimonit-23-223]\]. Compounds extracted from plants typically have fewer adverse effects compared with man-made drugs. Therefore, natural plant drugs have attracted increasing attention in biomedical research.

Studies found that *E. fischeriana* Steud contains abundant compounds, including diterpenoids, flavonoids, coumarins, and more than 60 other compounds \[[@b15-medscimonit-23-223]\]. The diterpenoids in the root of *E. fischeriana* Steud include Jolkinolide A (JA), Jolkinolide B (JB), 17-hydroxy-jolkinolide B, 17-hydroxy-jolkinolide A, 12-Deoxyphorbol 13-palmitate, and many other compounds \[[@b38-medscimonit-23-223]\]. 17-Hydroxy-jolkinolide A inhibits osteoclast differentiation through suppressing the activation of NF-κB and MAPKs \[[@b39-medscimonit-23-223]\]. Studies have also found that Pekinenin C and others extracts from this plant can decrease swelling, reduce tissue fluid exudation, and reduce the exudation of pleural effusion or ascites \[[@b40-medscimonit-23-223]\]. 12-Deoxyphorbol 13-palmitate has also been shown to inhibit tumor angiogenesis \[[@b19-medscimonit-23-223]\]. These suggest that the diterpenoids in the root of *E. fischeriana* Steud may have anti-angiogenic properties or may alter vascular permeability. Therefore, basic research on the effective components and pharmacodynamic properties of *E. fischeriana* Steud*,* particularly on its anti-angiogenic activities, would be helpful in the selection of potential therapies.

In this study, we analyzed the effects of JA and JB on A549 cells. The MTT assay showed that the inhibitory effects of JB were more obvious in A549 cells than were those of JA ([Figure 2A--2C](#f2-medscimonit-23-223){ref-type="fig"}). With increasing JB concentrations, the OD values of A549 cell proliferation gradually decreased, and caspase 9 protein expression was shown to significantly increase in all JB-treated A549 cells ([Figure 2D--2F](#f2-medscimonit-23-223){ref-type="fig"}). This demonstrates that Jolkinolides activity inhibits A549 cells in a dose-dependent manner ([Figure 2](#f2-medscimonit-23-223){ref-type="fig"}). In agreement with our results, Kuang found that the diterpenoids in the roots of *E. fischeriana* Steud significantly inhibited the growth of MCF-7 cells and increased the apoptosis rate of tumor cells \[[@b27-medscimonit-23-223]\]. This means that the studied diterpenoids have anti-tumor activity. Other studies have found that JB stimulated the down-regulation of JAK2/STAT3 protein expression in human leukemia cells and stimulated the up-regulation of intracellular BCL-2, Bax, and cytochrome C expression. In addition, JB was also shown to trigger the activity of caspase-3, caspase-8, and caspase-9 to induce apoptosis \[[@b41-medscimonit-23-223]\]. STAT3 and mTOR proteins are important in the Akt signaling pathway, which plays a key role in cell growth and movement \[[@b42-medscimonit-23-223]\]. Some studies have also found that 17-Hydroxy-JB strongly inhibited the STAT3 protein and disrupted cell metabolism and growth, thus promoting the apoptosis of HepG2 and other tumor cells \[[@b43-medscimonit-23-223]\]. We therefore intend to further explore whether JA and JB affect the activity of tumor cell proliferation and apoptosis through the Akt-STAT3-mTOR signaling pathway.

The expression of Akt-STAT3-mTOR proteins in A549 cells gradually decreased upon exposure to either JA or JB ([Figure 3B--3E](#f3-medscimonit-23-223){ref-type="fig"}), and VEGF and other cytokines secreted by A549 cells were shown to decrease as well ([Figure 3A](#f3-medscimonit-23-223){ref-type="fig"}). These results may be due to the inhibition of VEGF gene transcription through the inhibition of Akt or STAT3 proteins in the Akt signaling pathway \[[@b44-medscimonit-23-223],[@b45-medscimonit-23-223]\]. It is interesting that 12-Deoxy-phorbol-13-palmitate has also been demonstrated to inhibit the Akt/mTOR signaling pathway and to reduce VEGF or HIF-1α expression in MCF-7 cells \[[@b20-medscimonit-23-223]\]. These findings are similar to the results of our study.

In the human body, tumor tissues secrete a large amount of CXCL-8 and other cytokines, thereby promoting angiogenesis \[[@b46-medscimonit-23-223]\]. The creation of new vascular tissue allows for increased nutritional availability and facilitates the rapid growth and metastasis of the tumor. Therefore, tumor tissues and the peripheral blood vessels have been shown to interact with each other \[[@b23-medscimonit-23-223],[@b25-medscimonit-23-223]\]. To clarify the relationship between tumor cells and HUVECs, we first removed the supernatant from JA and JB by centrifugation and used liquid chromatography to prove that there was no residual JA or JB in any of the supernatant samples ([Figure 4A](#f4-medscimonit-23-223){ref-type="fig"}). This method ensured that there would be no interference from JA or JB on the HUVECs cultured in the conditioned media. The A549-conditioned media was used to culture the HUVECs. We found that both the JA-A549-CM and JB-A549-CM groups reduced the OD values of HUVEC proliferation ([Figure 4B](#f4-medscimonit-23-223){ref-type="fig"}) and enhanced HUVEC apoptosis ([Figure 4C--4E](#f4-medscimonit-23-223){ref-type="fig"}). We then found that the conditioned media also inhibited the HUVEC scratch closure and migration rates ([Figure 5](#f5-medscimonit-23-223){ref-type="fig"}). However, the inhibitory effect on HUVEC movement was more obvious in JB ([Figure 5C, 5F](#f5-medscimonit-23-223){ref-type="fig"}). These results demonstrate that both conditioned media were capable of inhibiting HUVEC migration. The Western blot results showed that the Akt-STAT3-mTOR proteins in A549 cells gradually decreased with increasing concentrations of JA or JB ([Figure 3B--3E](#f3-medscimonit-23-223){ref-type="fig"}), further demonstrating that Jolkinolides reduce the secretion of active vascular endothelial cells factors in tumor cells through the inhibition of the Akt signaling pathway.

We then used JA and JB in varying concentrations to stimulate HUVECs and found that the OD values of HUVEC proliferation in the JB-HUVEC groups were significantly lower than those in the JA-HUVEC groups ([Figure 6A](#f6-medscimonit-23-223){ref-type="fig"}), and that the Jolkinolides inhibition of HUVEC proliferation and migration operates in a dose-dependent manner. These results suggest that both JA and JB inhibit HUVEC proliferation, promote HUVEC apoptosis, and decrease HUVEC migration through inhibition of the Akt signaling pathway ([Figures 7](#f7-medscimonit-23-223){ref-type="fig"}, [8](#f8-medscimonit-23-223){ref-type="fig"}). Therefore, JB has significant and important inhibitory effects on HUVEC growth.

VEGF is key for the formation and growth of tumor blood vessels and is integral to the invasion and metastasis of breast cancer, as well as other malignant tumors \[[@b47-medscimonit-23-223]\]. Anti-angiogenesis has become a research highlight in the study of traditional Chinese medicines. Our experiments found that JB has inhibitory effects on the expression of VEGF in A549 xenograft tumors ([Figure 9](#f9-medscimonit-23-223){ref-type="fig"}) and on HUVEC migration ([Figure 7](#f7-medscimonit-23-223){ref-type="fig"}), thus showing similar activities as 12-Deoxyphorbol 13-palmitate, another diterpenoid found in *E. fischeriana* Steud \[[@b19-medscimonit-23-223]\]. These effects are summarized in the ability of Jolkinolides to decrease HUVEC activity and angiogenesis through the inhibition of the Akt/mTOR signaling pathway in A549 cells and HUVECs. The Akt signaling pathway plays a very important role in the process of vascular formation ([Figures 3](#f3-medscimonit-23-223){ref-type="fig"}, [8](#f8-medscimonit-23-223){ref-type="fig"}) \[[@b48-medscimonit-23-223],[@b49-medscimonit-23-223]\]; the activation of the Akt signaling pathway promotes the contraction of cell microfilaments and microtubules and the formation of a pseudopod, ultimately encouraging cell movement and migration \[[@b50-medscimonit-23-223]\]. In the process of angiogenesis, the movement and migration of HUVECs are closely related to the intracellular Akt signaling pathway \[[@b51-medscimonit-23-223]\]. The continuous endogenous activation of this pathway can induce the abnormal proliferation seen in tumor tissues by influencing both morphology and function. STAT3/mTOR is a kind of serine/threonine protein kinase, and is an important downstream molecule in the Akt signaling pathway. The STAT3/mTOR protein is critical during tumor initiation and malignancy progression and is an important target for cancer treatment \[[@b52-medscimonit-23-223]\]. During the abnormal proliferation of tumor tissue, the tumor cells activate the Akt/STAT3/mTOR proteins to induce the expression of HIF-1α or VEGF, which are downstream targets of the Akt signaling pathway, thereby accelerating angiogenesis \[[@b53-medscimonit-23-223]\]. According to our experimental results and the literature analyses, we believe that the diterpenoids found in *E. fischeriana* Steud will become new targets for the development of novel, natural anti-angiogenic therapies.

In conclusion, JA and JB induced apoptosis in A549 cells and HUVECs. They were also shown to inhibit A549 paracrine vascular endothelial cell factors through the inhibition of the Akt/STAT3/mTOR signaling pathway, thereby playing an inhibitory role in HUVECs *in vitro*. Nevertheless, we cannot exclude the possibility that these Jolkinolides may also act similarly to other diterpenoids in the inhibition of the MAPK, ERK, or other signaling pathways \[[@b10-medscimonit-23-223],[@b54-medscimonit-23-223]\]. Therefore, further studies are necessary to discern the mechanism underlying the action of these signaling pathways and to determine their potential application in treating human cancers. In future research, we will focus on the use of animal models of human cancer to confirm the effects of JA and JB on tumor angiogenesis *in vivo*, and to lay a foundation for the extensive use of *E. fischeriana* Steud and other plants for the inhibition of tumor growth and angiogenesis.

Conclusions
===========

JB not only inhibits the secretion of vasoactive cytokines in A549 cells, but also directly inhibits HUVEC activity through influencing the Akt/STAT3/mTOR signaling pathway, achieving an inhibitory effect on HUVECs and preventing tumor angiogenesis. These preclinical findings offer new perspectives for the use of *E. fischeriana* Steud and other natural plants in the treatment of human cancer.
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![Chemical structures of Jolkinolide A (JA) and Jolkinolide B (JB).](medscimonit-23-223-g001){#f1-medscimonit-23-223}

![JA and JB separately inhibited A549 cell proliferation and promoted apoptosis. (**A**) An MTT assay with OD values (490 nm) for A549 cells from each group, cultured for 24 h. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**B**) Photograph of the normal cultured A549 cells after 24 h (scale bar=50μm). (**C**) Photographs of the A549 cells stimulated by JA or JB of 20 μg/ml, 40 μg/ml, 60 μg/ml, 80 μg/ml, and 100 μg/ml concentrations after 24 h. (Scale bar=50μm). (**D**) The Western blot images of JA and JB promotion of caspase 9 protein expression in A549 cells. (**E, F**) The relative absorbance values of caspase 9 protein bands. JA-A549 groups (**E**), JB-A549 groups (**F**). All \* *P*\<0.01. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g002){#f2-medscimonit-23-223}

![JA and JB each affected the expression of the VEGF protein in A549 cells by inhibiting the Akt-STAT3-mTOR signaling pathway. (**A**) The VEGF content in the supernatant of each group, \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**B**) The Western blot images showing the effects of JA and JB on the expression of mTOR, STAT3, and Akt proteins in A549 cells. (**C--E**) The relative absorbance values of Akt, STAT3, and mTOR protein bands in the control, JA-A549, and JB-A549 groups. The relative absorbance values of the Akt protein (**C**), the relative absorbance values of the STAT3 protein (**D**), the relative absorbance values of the mTOR protein (**E**). All \* *P*\<0.01, JB-A549 groups, All ^\#^ *P*\<0.01, JA-A549 groups. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g003){#f3-medscimonit-23-223}

![The conditioned media (CM) of A549 cells stimulated by JA or JB were both shown to inhibit HUVEC proliferation and promoted HUVEC apoptosis. (**A**) The detection of residual JA or JB in each CM (JA-A549 CM and JB-A549 CM groups) by liquid chromatography. (**B**) An MTT assay with the OD values (490 nm) for HUVECs from each group, cultured for 24 h. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**C, D**) Photographs of Annexin V-FITC labeled HUVEC apoptosis. JA-A549 CM and JB-A549 CM (**C**), NCM group (**D**) (scale bar=50 μm). (**E**) The Annexin V-FITC labeled HUVEC numbers for each group. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g004){#f4-medscimonit-23-223}

![The conditioned media (CM) from A549 cells stimulated by JA and JB separately inhibited HUVEC migration. (**A, B**) Photographs of scratches in HUVECs cultured for 24 h. The green lines represent the cell scratch area at 0 h. JA-A549 CM and JB-A549 CM (**A**), NCM group (**B**) (scale bar=150 μm). (**C**) The scratch closure rate in HUVECs cultured for 24 h. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**D, E**) Migration of HUVECs. JA-A549 CM and JB-A549 CM groups (D), NCM group (**E**) (scale bar=150 μm). (**F**) The effect of the conditioned medium on HUVEC migration. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g005){#f5-medscimonit-23-223}

![JA and JB inhibited HUVEC proliferation and promoted HUVEC apoptosis. (**A**) An MTT assay with the OD values (490 nm) for HUVECs from each group cultured for 24 h. \* *P*\<0.01, compared with the control group. ^\#^*P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**B, C**) Photographs of Annexin V-FITC labeled HUVEC apoptosis. JA-HUVEC groups and JB-HUVEC groups (**B**), the control group (**C**) (scale bar=50 μm). (**D**) The Annexin V-FITC labeled HUVEC numbers for each group. \* *P*\<0.01, comparison of the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g006){#f6-medscimonit-23-223}

![JA and JB inhibited HUVEC migration. (**A**) Scratch photos for HUVECs from each group, cultured for 24 h. The green lines represent the cell scratch area at 0 h (scale bar=150μm). (**B**) The scratch closure rate in HUVECs cultured for 24 h. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**C**) The effects of JA (or JB) on HUVEC migration. \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests. (**D**) Migration of the HUVECs from JA-HUVEC groups and JB-HUVEC groups (scale bar=150 μm).](medscimonit-23-223-g007){#f7-medscimonit-23-223}

![JA and JB separately inhibited the expression of Akt, STAT3, and mTOR proteins in HUVECs. (**A**) The Western blot images of the effects of JA and JB on the expression of mTOR, STAT3, and Akt proteins. (**B--D**) The relative absorbance values of Akt, STAT3, and mTOR protein bands in the control group, JA-HUVEC groups and JB-HUVEC groups. The relative absorbance values of Akt protein (**B**), the relative absorbance values of STAT3 protein (**C**), the relative absorbance values of mTOR protein (**D**). All \* *P*\<0.01, compared with the control group. ^\#^ *P*\<0.01 indicates a significant difference between JA and JB at the same concentration. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g008){#f8-medscimonit-23-223}

![JA and JB inhibited the expression of the VEGF protein in A549 cell xenograft tumor. (**A**) Photomicrographs showing immunohistochemical staining for the expression of the VEGF protein in the A549 cell xenograft tumor of each group (scale bar=150 μm). (**B**) The expression of VEGF protein on the first, 10^th^, 30^th^, 45^th^, and 60^th^ day of administration for each group. \* *P*\<0.01, comparison with the control group. Each value represents the mean ±SE of triplicate tests.](medscimonit-23-223-g009){#f9-medscimonit-23-223}

[^1]: Study Design

[^2]: Data Collection

[^3]: Statistical Analysis

[^4]: Data Interpretation

[^5]: Manuscript Preparation

[^6]: Literature Search

[^7]: Funds Collection
